Respiratory syncytial virus (RSV), named by its ability to induce fusion of infected epithelial cells (49), is a leading cause of epidemic respiratory tract illness in children (28). Spread primarily by contact with contaminated secretions, RSV replicates in the nasopharyngeal epithelium and spreads to the lower respiratory tract via epithelial cell-to-cell transfer along intracytoplasmic bridges (27). Although only two RSV serotypes, A and B, circulate in RSV epidemics (29), immunity to naturally acquired infection is incomplete, resulting in repeated infections through adulthood (24; reviewed in reference 28). In humans, RSV infection produces a spectrum of airway involvement ranging from otitis media to lower tract infection.
Respiratory syncytial virus (RSV), named by its ability to induce fusion of infected epithelial cells (49) , is a leading cause of epidemic respiratory tract illness in children (28) . Spread primarily by contact with contaminated secretions, RSV replicates in the nasopharyngeal epithelium and spreads to the lower respiratory tract via epithelial cell-to-cell transfer along intracytoplasmic bridges (27) . Although only two RSV serotypes, A and B, circulate in RSV epidemics (29) , immunity to naturally acquired infection is incomplete, resulting in repeated infections through adulthood (24; reviewed in reference 28). In humans, RSV infection produces a spectrum of airway involvement ranging from otitis media to lower tract infection.
Clinically severe RSV infections involving the lower respiratory tract are primarily seen in young children with naïve immune systems and/or genetic predispositions (32) , patients with suppressed T-cell immunity (such as heart transplant recipients [41] ), and the elderly (48) . In autopsy studies of fatal disease, RSV infection is characterized by the presence of cytoplasmic eosinophilic inclusion bodies, characteristic of viral replication, in airway epithelial cells; sloughing and necrosis of the epithelial surface; and concomitant mucous plugging of the airways with trapping of air (1, 18, 19) . In addition to these manifestations of direct epithelial involvement, RSV infection produces a pronounced perivascular infiltrate of mononuclear cells and lymphocytes (1, 18) and a neutrophil-rich exudate detected by bronchoalveolar lavage (16) . Finally, the presence of eosinophil cationic protein (20, 30) and histamine (64) in nasal secretions at concentrations that correlate with disease severity suggests the participation of eosinophils and basophils in the pathology of RSV infection.
The mechanisms responsible for recruitment of circulating leukocytes, mononuclear cells, and lymphocytes into the lung as a consequence of RSV infection are largely unknown. Cellular recruitment into inflamed tissues is a multistep process in which circulating leukocytes first demarginate, adhere to stimulated endothelial cells, and subsequently become activated. Activated leukocytes then migrate through the vascular endothelium toward chemical gradients of chemoattractant peptides or antigens (reviewed in reference 58). Recent attention has focused on the important role of chemokines in mediat-ing immune cell chemotaxis into the airways. Chemokines are a superfamily of proteins divided into functionally distinct groups: three groups of small basic (heparin-binding) proteins, termed the C, CC, and CXC chemokines (based on the number and spacing of highly conserved NH 2 -terminal cysteine residues), and a fourth, distantly related group, the CX 3 C chemokines, composed of large, membrane-bound glycoproteins attached through a COOH-mucin-like domain (4; reviewed in references 3 and 53). That receptors for the chemokines are expressed in a cell type-restricted fashion has allowed specificity in chemokine action-for example, members of the C group primarily activate lymphocyte chemotaxis, members of the CXC group induce neutrophil chemotaxis, and the CC group stimulates monocyte, lymphocyte, and eosinophil chemotaxis (3, 53) . These data suggest that pulmonary inflammation associated with neutrophilic and monocytic infiltration is the result of coordinate expression of diverse chemokines with distinct cellular specificities.
Although a number of cell types inducibly secrete chemokines in inflamed tissues, a body of evidence supports a central role for the airway epithelium as an important initiator and modifier of pulmonary inflammation after exposure to environmental irritants or infectious agents (reviewed in reference 42) . The epithelium plays a central role in initiating pulmonary inflammation, particularly in the case of RSV, since this virus productively replicates only in the respiratory mucosa, inducing secretion of interleukins, growth factors, cytokines, and chemokines in vitro (2, 8, 21, 51, 54) and in vivo (26) . These data, in conjunction with the recent demonstration by Haeberle et al. that mice deficient in MIP-1␣, a CC chemokine expressed predominantly in airway epithelial cells, show reduced inflammatory cell recruitment (26) , strongly indicate that epithelial cell-derived chemokine expression plays an important role in pulmonary inflammation. However, a more comprehensive examination of the pattern and secretion of chemokine expression by RSV-infected epithelial cells has not been performed.
We and others have shown that RSV infection of welldifferentiated type II-like A549 cells produces a time-and dose-dependent induction of mRNA for CC (RANTES) and CXC (interleukin-8 [IL-8]) chemokines (21, 52) . In this report we globally profile the kinetics and patterns of chemokine expression in RSV-infected airway cells. In type II alveolar celllike A549 cells, membrane-based cDNA macroarrays and highdensity oligonucleotide probe-based microarrays identified inducible expression of CC chemokines (I-309, Exodus-1, thymus and activation-regulated chemokine [TARC], RANTES, monocyte chemotactic protein 1 [MCP-1], macrophage-derived chemokine [MDC] , and macrophage inflammatory protein 1␣ and 1␤ [MIP-1␣ and -1␤]), CXC chemokines (growth-regulated gene ␣, ␤, and ␥ [GRO-␣, -␤, and -␥], epithelial cell-derived neutrophil attractant 78 [ENA-78], IL-8, and interferon-inducible T-cell ␣ chemoattractant [I-TAC]), and CX 3 C chemokines (Fractalkine). Expression of these chemokine genes was confirmed by independent techniques. In small airway epithelial (SAE) cells, a similar pattern of CC chemokine (Exodus-1, RANTES, and MIP-1␣ and -1␤), CXC chemokine (I-TAC, GRO-␣, -␤, and -␥, and IL-8), and CX 3 C chemokine (Fractalkine) expression was detected, yet TARC, MDC, and MCP-1 were not inducible. Clustering analysis indicated that the chemokine genes are contained within three major expression groups. These data suggest the involvement of lymphotactic, NK, and dendritic cell-activating chemokines as potential mediators of the RSV-initiated immune response.
MATERIALS AND METHODS
RSV preparation. The A2 strain of RSV was propagated on HEp-2 cells (American Type Culture Collection [ATCC], Manassas, Va.) and purified by polyethylene glycol precipitation followed by centrifugation in a 35-to-65% discontinuous sucrose gradient (21, 61) . The titer of the sucrose cushion-purified RSV (pRSV) was determined by methylcellulose plaque assay (39) , and the pRSV was snap-frozen until use. No contaminating cytokines, including IL-1, IL-6, IL-8, tumor necrosis factor, granulocyte-macrophage colony-stimulating factor, or interferons, were detectable in these preparations (36) . UV-inactivated pRSV (UV-pRSV) was prepared as described previously (36) .
Cell culture and viral infection. Human A549 cells with characteristics of type II alveolar cells were obtained from ATCC and grown under standard conditions (36) . Primary human SAE cells were from Clonetics and were grown as previously described (52) . For pRSV infection, 90% confluent cells were infected with pRSV at a multiplicity of infection (MOI) of 1. Frozen RSV stock was rapidly thawed and diluted with Dulbecco's modified Eagle medium containing 2% fetal bovine serum. The virus was added immediately to flasks (0.04 ml of diluted virus per cm 2 ) after removal of culture medium. An equivalent amount of sucrose solution was added to the control culture (which received no RSV). After addition of virus, the flasks were rocked mechanically for 1 h at 37°C, and then 0.2 ml of Dulbecco's modified Eagle medium containing 2% fetal bovine serum was added to the culture flasks. The infection was continued for the indicated times at 37°C.
RPA. Chemokine mRNA levels were analyzed by a multiprobe RNase protection assay (RPA) using the RiboQuant multiprobe set (PharMingen, San Diego, Calif.). Total RNA was extracted from control or RSV-infected A549 cells by acid guanidium-phenol extraction (TRI reagent; Sigma, St. Louis, Mo.), and RNA abundance was quantitated spectrophotometrically. Five micrograms of total RNA was hybridized overnight to an ␣-32 P-labeled RNA template (RiboQuant; PharMingen) containing individual riboprobes for the human lymphotactin, RANTES, MIP-1␣, MCP-1, IL-8, and I-309 genes and the L32 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping genes. Samples were hybridized overnight at 42°C, and single-stranded RNA and free probe were digested by RNase A and T 1 . Subsequently, protected RNA was phenol-chloroform extracted, ethanol precipitated, and analyzed on a QuickPoint Pre-Cast Gel (Novex, San Diego, Calif.). The quantity of protected RNAs was determined using a PhosphorImager and ImageQuant software (both from Molecular Dynamics, Sunnyvale, Calif.). The chemokine transcripts were identified by the lengths of the respective fragments. For quantitation, chemokine levels were expressed as percentages of the mean levels of the L32 and GAPDH housekeeping genes for each RNA sample.
Membrane-based cDNA macroarrays. Total RNA was extracted from control or pRSV-infected A549 cells by acid guanidium-phenol extraction (TRI reagent; Sigma). RNA was treated with RNase-free DNase to remove contaminating genomic DNA, and RNA integrity was confirmed by gel electrophoresis and reverse transcription-PCR (RT-PCR). Five micrograms of total RNA was reverse transcribed in the presence of 35 Ci of [␣- 33 P]dATP, and cDNA was purified by column chromatography (Chroma spin-200; Clontech). The final probe concentration was adjusted to 10 6 cpm/ml, and hybridization was performed overnight at 68°C. The membrane was washed three times in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl sulfate (SDS) at 68°C for 30 min and twice in 0.1ϫ SSC-0.5% SDS at 68°C for 30 min. Membranes were exposed to a PhosphorImager cassette, and relative changes in hybridization intensity were determined with AtlasImage 1.01 software (Clontech, Palo Alto, Calif.). Comparisons of mRNA populations between control and RSV-infected A549 cells were performed with two different sets of Atlas Array membrane lots in two independent experiments.
Hybridization intensity was determined after the array was aligned to the reference grid template to determine the target location for each of the duplicate 268 human cDNAs, nine housekeeping cDNAs, and negative controls. For each gene, local background was determined and subtracted, and the average signal intensity was determined for duplicate spots. Data were discarded when significant deviations between duplicates were found, or if signal intensity was not above background. For assessment of differences in gene expression between arrays, data were examined in several different ways. Changes in raw signal intensity were compared for the treated and control samples; the intensity value of each cDNA was normalized to those of designated housekeeping genes; and finally, the intensity values were normalized to the sum of the intensity values of all the genes represented on the chip. Because these comparisons yielded equivalent information, only the raw values are presented. Only those genes which showed at least an average twofold upregulation or downregulation across duplicate membrane lots were listed as differentially expressed.
Oligonucleotide probe-based microarrays. For the oligonucleotide probes, the Hu95A Gene Chip (Affymetrix Inc., Santa Clara, Calif.), containing 12,626 sequenced human genes, was used. First-strand cDNA synthesis was performed using total RNA (10 to 25 g), a T7-(dT) 24 oligomer (5Ј-GGCCAGTGAATT GTAA TACGACTCA CTATAGGGAGGC GG-dT 24-3Ј), and SuperScript II reverse transcriptase (Life Technologies). Second-strand synthesis converted the cDNA into a double-stranded DNA template for use in an in vitro transcription reaction. The T7 promoter introduced during first-strand cDNA synthesis provided the necessary sequence for directing the synthesis of cRNA using bacteriophage T7 RNA polymerase. The cRNA or target RNAs were labeled with biotin during the in vitro transcription reaction. Biotin-labeled target RNAs were fragmented to a mean size of 200 bases to facilitate their hybridization to probe sequences on the Gene Chip array. Each target RNA sample was initially hybridized to a test array to confirm the successful labeling of the target RNAs and to prevent the use of degraded or nonrepresentative target RNA samples. The test array contained a set of probes representing genes that are commonly expressed in the majority of cells (actin, GAPDH, transferrin receptor, transcription factor ISGF-3, 18S RNA, 28S RNA, and Alu genes).
Hybridization of the Hu95A Gene Chip arrays was performed at 45°C for 16 h in hybridization buffer (0.1 M morpholineethanesulfonic acid [pH 6.6], 1 M NaCl, 0.02 M EDTA, and 0.01% Tween 20) . Four prokaryotic genes (bioB, bioC, and bioD from the Escherichia coli biotin synthesis pathway and cre, the recombinase gene from bacteriophage P1) were added to the hybridization cocktail as internal controls. Arrays were washed using both nonstringent (1 M NaCl, 25°C) and stringent (1 M NaCl, 50°C) conditions prior to staining with phycoerythrinstreptavidin (final concentration, 10 g/ml).
Gene Chip arrays were scanned using a Gene Array Scanner (HewlettPackard) and analyzed using the Gene Chip Analysis Suite 3.3 software (Affymetrix Inc.). For each gene, 16 to 20 probe pairs were immobilized as ϳ25-mer oligonucleotides that hybridized throughout the mRNA; each probe pair is represented as a perfect match (PM) oligonucleotide and a mismatch (MM) oligonucleotide used as a hybridization control. The average intensity of each probe cell was calculated after subtraction of the local background (the lowest 2% intensity of each sector; each probe cell is divided into 16 sectors). The normalized average intensity value was used to determine the number of positive and negative probe pairs. Based on the positive/negative ratio, the positive fraction, and the log average ratio of the PM to the MM, the absolute call (i.e., the gene is detected (["present"] or not ["absent"]) was determined (68) . Finally, the average difference was determined by calculating the difference in intensity between the PM and MM of every probe pair and averaging the differences over the entire probe set. The average difference statistic was retrieved for quantification of mRNA abundance in those samples in which the absolute call indicated that the gene was present. Probe set data were deposited into our data warehouse and relational database server.
Among the several clustering methods that were tried, agglomerative nesting (AGNES [Splus version 5 for Unix; Mathsoft, Inc.]) (38) gave the most consistent results. AGNES calculates a hierarchy of clusterings that form a single hierarchical tree. This "bottom-up" approach uses each gene as a cluster itself, merging with its nearest neighbor until only one large cluster, containing all the objects, remains. At each stage the two "nearest" clusters are combined to form one larger cluster. While the "average" method (where the distance between two clusters is determined by the average of the dissimilarities between the points in one cluster and the points in the other cluster) was used for data presentation in this report, no qualitative difference was seen between this method and that using minimal or maximal dissimilarity to distinguish clusters. The dissimilarity matrix was constructed using Euclidean distances. The dendrogram in Fig. 7 was calculated using raw gene chip data (the average difference); however, no qualitative difference in the dendrogram was produced after the raw data were standardized to z scores. Principal-components analysis (PCA) of the chemokine data was also carried out using the k means method to test if a different technique would reproduce the hierarchical cluster result. The k means method is an exploratory multivariate statistical technique which chooses a prespecified number of cluster centers and minimizes the within-class sum of the squares from those centers. This allows each probe set to be assigned to one of the k groups, where group membership is determined by calculating the centroid for each group and then assigning each probe set to the group with the closest centroid, continuing iteratively until convergence is reached. We used the calculated chemokine dissimilarity matrix based on Euclidean distances as the input to the PCA for a k value of 2 to 5; the best fit was produced for a k value of 3.
Northern blotting and RT-PCR. Twenty micrograms of total RNA was fractionated on a 1.2 or 1.5% agarose-formaldehyde gel and transferred to ZetaProbe GT blotting membranes (Bio-Rad, Hercules, Calif). RNA was UV crosslinked to the blots and prehybridized as described previously (37) . The blots were hybridized overnight at 60°C in 5% SDS hybridization buffer with the indicated cDNA probes at a final concentration of 2 ϫ 10 6 cpm/ml (62, 63) . cDNA probes were labeled with [␣-
32 P]dATP in the PCR using cDNA templates and the following primers. For Exodus-1, a 359-nucleotide (nt) fragment was produced using sense primer 5Ј-ACCAAGAGTTTGCTCCTGGCT-3Ј and antisense primer 5Ј-TGCAAGTGAAAC CTCCAACCC-3Ј; for MDC, a 357-nt fragment was produced using sense primer 5Ј-GCCAACATGGA AGACAGCG-3Ј and antisense primer 5Ј-ACAGCACGGAGGTGACCAA-3Ј; for I-TAC, a 369-nt fragment was produced using sense primer 5Ј-TGTCTTTGCA TAGGCCCTG G-3Ј and antisense primer 5Ј-CCTTTCACCCAC CTTTCATCC-3Ј; for TARC a 340-nt fragment was produced using sense primer 5Ј-AGAGGGACCTG CAC ACAGAGA-3Ј and antisense primer 5Ј-GGTGAGGAGG CTTCAAGACCT-3Ј; for thymosin-␤10 a 359-nt fragment was produced using sense primer 5Ј-TG GCAGACAA ACCAGACATGG-3Ј and antisense primer 5Ј-AAACCGGAGA ATTTGGCAGTC-3Ј; for RSV nucleocapsid the sense primer was 5Ј-CAAA TGG ATCC ATGGCTCT TAGCAAAG TCAAG-3Ј and the antisense primer was 5Ј-TTCCCGGGT CAAAGCTCTACATCATTATC-3Ј. After hybridization, the membrane was washed with a buffer containing 5% SDS and 1ϫ SSC for 15 min at room temperature, followed by 20 min at 60°C. The membranes were exposed to XAR film (Kodak) for 24 to 48 h.
For RT-PCR, oligo(dT)-primed cDNA was synthesized from 5 g of A549 RNA and used as a template to amplify a 373-bp Fractalkine cDNA using the upstream primer 5Ј-GGCTCCGATA TCTCTGTCGTG-3Ј and the downstream primer 5Ј-CCACAGACT CGTCCATTCCC-3Ј. Cycling conditions were as follows: 40 cycles of denaturation at 94°C for 45 s, annealing at 62°C for 60 s, and extension at 72°C for 90 s, and a final extension at 72°C for 10 min. As an internal control, a 359-nt thymosin-␤10 cDNA fragment was amplified using the primers given above. Cycling conditions were as follows: 25 cycles of denaturation at 94°C for 20 s, annealing at 68°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 10 min. After PCR, samples were fractionated by agarose gel electrophoresis, denatured, transferred, and blotted with a radiolabeled Fractalkine or thymosin cDNA probe.
RESULTS
Temporal profile of CC chemokine expression. Type II alveolar epithelial cells (A549) infected with pRSV support viral replication, as demonstrated by recovery of infectious virus in the supernatant (9 to 12 h after infection), viral antigen production, and syncytium formation (18 to 24 h after infection) (7, 21) . We have previously shown that pRSV infection of A549 cells induces a time-and dosedependent induction of IL-8, RANTES, MCP, and MIP-1 expression (21, 52) . Epithelial chemokine expression is dependent on viral replication, because treatment with nonreplicative UV-pRSV is unable to induce IL-8 or RANTES expression (12, 21) . To obtain a more comprehensive profile of gene expression induced by pRSV infection, we first profiled control and infected A549 cellular mRNA using nylon membranebased cDNA macroarrays representing 268 chemokine, cytokine, and cytokine receptor genes. A representative autoradiogram of the pairwise comparison is shown in Fig. 1 . In these experiments, 73 genes of a total of 268 (27%) represented on the membrane were changed twofold or more (either increased or decreased) as a consequence of pRSV infection: 7 chemokine genes, 17 cytokine genes, 9 cytokine receptor genes, 15 peptide growth factor genes, 12 growth factor receptor genes, 3 structural genes, 2 antiviral genes, and 8 genes of unknown function. Because our purpose was to profile chemo-kine expression, these data were analyzed in detail. Table 1 presents the mean data from duplicate hybridizations. We observed increased expression of all seven chemokines present on the array; these included four previously characterized chemokines, the CC chemokines RANTES, MIP-1␣, and MCP-1 and the CXC chemokine IL-8 (21, 52) . However, we also noted expression of three unanticipated chemokines, including robust expression of the CC chemokine I-309 and the CXC chemokines ENA-78 and GRO-␤/MIP-2. As is apparent from the autoradiogram, for many of the chemokines the signals in the control samples were so close to background that calculation of the fold increase due to pRSV infection was unreliable.
Oligonucleotide probe-based microarray of RSV-infected A549 cells. To more reliably identify additional chemokines induced by pRSV, we profiled global changes in gene expression using an oligonucleotide probe set containing ϳ12,626 sequenced human genes (Affymetrix Hu95A Gene Chip). With this methodology, the detection of hybridized biotinylated target mRNA after binding of a phycoerythrinstreptavidin conjugate has a large dynamic range of more than 5 orders of magnitude, and in practice, this method can detect 1 to 10 3 copies of mRNA per cell. In Fig. 2A , we analyze the reproducibility of the data generated in two independent time courses by log-log plots of the average difference signal for the independently performed arrays for each time point of pRSV infection. The data were tightly clustered within Ϯ3-fold changes in expression. At each time point, linear regression analysis was performed. In aggregate, the data were described by a slope of 1.22 (n ϭ 5) with a Pearson correlation coefficient greater than 0.9 for each pairwise comparison ( Fig. 2A) . This indicates that the data can be described as a linear relationship and that data points from the two experiments were highly reproducible. In Fig. 2B , we plot the number of genes whose expression changed by a factor of 3 (conservatively chosen to minimize the number of false positives) relative to that in uninfected cells. At the early time points (6 and 12 h), the number of genes upregulated was approximately equal to the number of genes downregulated and corresponded to ϳ1% of all the genes on the chip. At the later times, downregulated genes predominated, with nearly twice as many genes downregulated as upregulated at 36 h. Nearly 10% of the total genes on the a Uninfected A549 cells and those infected with RSV (at an MOI of 1) were harvested 24 h after infection and hybridized to an Atlas cytokine chip. Data for C, CC, and CXC cytokines were obtained and sorted according to changes in hybridization intensity.
b Reference location of duplicate spot on Clontech membrane. See Fig. 1 . c Expressed as signal intensity (arbitrary units) above local background. For each gene, pairwise comparison to the control was performed. Data are average values from two independent viral infections and membrane hybridizations.
d Arithmetic difference in corrected hybridization intensity (corrected for local background) between RSV-infected and control samples.
e Fold difference between RSV-infected and control samples.
FIG. 1.
Membrane-based array to identify RSV-inducible genes. A Clontech membrane-based cDNA expression array ("cytokine chip") was used to hybridize radiolabeled RNA from uninfected (control) and pRSV-infected (24 h) cells. Shown is an autoradiogram of the exposure. For orientation, probe set 7F is RANTES (see Table 1 for further orientation information). For each sample, hybridization intensity was determined by exposure to a PhosphorImager cassette for each gene (represented in duplicate spots), normalized to local background, and analyzed by normalizing either to an internal control (thymosin-␤10) or to total hybridization signals, with essentially identical results (raw values are given in Table 1 ).
chip showed significant changes in expression at 36 h, indicating that pRSV infection had a significant effect on global gene expression (Fig. 2B) .
We further analyzed the data by classifying threefoldregulated genes by their primary functions. However, no single biochemical process could be identified; of genes significantly influenced by RSV, we could identify the following functional groups: chemokines (16 unique members), cytokines (14 genes), growth factors (39 genes), putative antiviral factors (30 genes), receptors (87 genes), cytoskeletal genes (165 genes), DNA repair and chromosomal maintenance genes (104 genes), histocompatibility and cell surface markers (15 genes), metabolic genes (264 genes), oncogenes (91 genes), genes involved in RNA processing, protein translation, or metabolism (78 genes), secreted peptides (49 genes), signaling molecules and kinases (226 genes), transcription factors (209 genes), and those of unknown function (543 genes). These observations suggest that RSV infection does not affect expression of genes belonging to a single biological pathway but causes significant perturbation of global gene expression controlling multiple cellular processes.
Individual records for the time course were retrieved for CC, CXC, and CX 3 C chemokines, and changes in hybridization intensity as a function of time were analyzed (no C chemokines were detected). Figure 3A displays observations for the CC chemokines where the average difference statistic is plotted as a function of time of pRSV infection. As expected, robust induction of RANTES, MIP-1␣, MCP, and IL-8 was detected (compare with Table 1 ). In addition, expression of the CC chemokines Exodus-1/LARC/MIP-3␣ (31, 33), TARC (40) , and MDC (reference 25 and references therein) was detected. Of these, expression of Exodus-1 was strongly induced at 24 and 36 h of pRSV infection, in a sigmoidal curve quite similar to that of RANTES. TARC was also induced at later times of pRSV infection, with a distinct nonsigmoidal induction profile. Figure 3B displays the changes in expression of the CXC subgroup of chemokines. As previously described, IL-8 is induced with a linear profile with respect to time (compare Fig. 3B with Table 1 ). In addition, the neutrophilic chemokines GRO-␣, -␤, and -␥ and ENA-78 and the lymphocyte chemoattractant I-TAC (65) were strongly induced. Finally, we detected inducible expression of Fractalkine, a distantly related CX 3 C-containing member of the chemokine superfamily (4) . Fractalkine expression peaked 24 h after pRSV infection in A549 cells and fell thereafter, producing an expression profile similar to that seen with I-TAC (Fig.  3B) .
Confirmation of chemokine expression: multiprobe RPA. To independently confirm the induction of chemokine gene expression suggested by the microarray analyses, we first analyzed temporal changes in chemokine expression by multiprobe RPA. Steady-state levels of mRNA were measured with templates for the CC chemokines lymphotactin, RANTES, MIP-1␣, MCP-1, IL-8, and I-309 and for the L32 and GAPDH
FIG. 2. Analysis of oligonucleotide-based microarrays. (A)
Reproducibility of experimental time courses. Pairwise comparisons of the average differences for the data in time series 1 (Array 1) versus those in time series 2 (array 2) are plotted. The only criterion for inclusion was that the probe set was designated "present" in both time series. Least-squares linear regression was used to determine the fit to a straight line. For the 0-h data set, the regression was described by the equation y ϭ 1.172x Ϫ 715.408 (r 2 ϭ 0.935), and for the 36-h data set, the equation was y ϭ 1.198x Ϫ 741.671 (r 2 ϭ 0.911). (B) Kinetics of changes in total gene expression after pRSV infection. The average difference for each probe set is proportional to its level of expression. Genes whose average difference values differed threefold from those of uninfected cells were determined by algorithm. Shown are individual values for genes upregulated and genes downregulated by RSV infection, taken as means of two independent time courses. The total number of genes influenced was 118 after 6 h of pRSV infection (ϳ5% of the total genes expressed [scored "present"] at that time and 1% of all the genes on the chip), 267 after 12 h of infection, 796 after 24 h, and 1,200 after 36 h (ϳ10% of all genes on the chip).
housekeeping genes at various times (3, 6, 12, 24 , and 36 h) after pRSV infection (MOI ϭ 1). Figure 4A shows the kinetics of chemokine expression in a representative time course. The mean induction of genes in triplicate time courses assayed by RPA is shown in Fig. 4B . The CC chemokine RANTES was the most strongly induced chemokine, with ϳ9.5-fold induction (relative to the control) peaking 24 h after pRSV infection. Interferon-inducible protein 10 (IP-10), MIP-1␣ and -1␤, MCP-1, and the CXC chemokine IL-8 were also induced. In contrast, we did not consistently detect expression of the C chemokine lymphotactin. To determine whether induction of these chemokines was dependent on viral transcription and replication, FIG. 3 . Changes in chemokine expression after RSV infection. (A) CC chemokines. The hybridization intensity (average difference) for each chemokine is plotted as a function of time of pRSV infection. Data shown here are means for independent RANTES probe set 3 (Affymetrix probe set no. 1403_s_at) and probe set 5 (no. 1405_i_at). At time zero, the absolute call for TARC, RANTES, MDC, and MIP-1␣ and -1␤ was "absent," indicating that the signal hybridization was below the background noise of the microarray. (B) CXC chemokines. Data are plotted as described for Fig. 3A . The CX 3 C chemokine Fractalkine is included.
the effect of UV-pRSV on chemokine expression was determined. Figure 4C shows that A549 cells adsorbed with UV-pRSV for 36 h had no detectable expression of the transcript encoding the nucleocapsid protein. Multiprobe RPA was performed on the same RNA samples (Fig. 4D) ; although abundant expression of RANTES, IP-10, MIP-1␤, MIP-1␣, MCP, and IL-8 was detected in cells adsorbed with replication-competent pRSV, no significant induction was observed with UV-pRSV. These data indicate that, at least for these chemokines, RSV replication and transcription are required for inducible expression.
Northern blot confirmation of novel chemokine gene expression. To confirm expression of the newly identified RSV-induced CC and CXC chemokine genes suggested by the oligonucleotide array, we performed Northern blot assays to detect changes in the steady-state expression of the lymphocyte and monocyte chemoattractants, TARC, MDC, Exodus-1, and I-TAC in pRSV-infected A549 cells (Fig.  5A) . Expression of 0.8-kb Exodus-1 transcripts was only faintly detectable in control cells; however, robust increases in expression occurred 24 and 36 h after pRSV infection. The pattern of Exodus-1 mRNA induction and its changes in hybridization intensity on the oligonucleotide array are quite similar (compare Fig. 5A and 3A) . At the limits of the Northern blot detection, the 2.9-kb MDC transcript was only faintly detectable after 36 h of infection. In contrast to that of Exodus-1, a 1.4-kb I-TAC transcript was not detectable in control cells but was induced after 12 h of pRSV infection, peaking at 24 h postinfection and falling thereafter. Levels of the internal control houskeeping transcript thymosin-␤10 were not altered at these times of pRSV infection (Fig. 5A, bottom panel) .
Fractalkine expression was detectable by semiquantitative RT-PCR assay (Fig. 5B) , where the steady-state abundance of the specific 373-nt product was induced after 12 h of pRSV infection and apparently peaked after 24 h of infection; this induction pattern was similar to the pattern of changes in the average difference statistic (compare to Fig. 3B ). These data validate the expression of lymphocyte-specific CXC and CC chemokines predicted by the oligonucleotide array.
Oligonucleotide-based microarrays of RSV-infected bronchiolar cells. SAE cells are well-differentiated primary cells obtained from normal human bronchioli (52) . By immunohistochemistry, SAE cells are positive for cytokeratin 19, negative for vimentin (indicating epithelial origin), and negative for alkaline phosphatase (a marker of lung type II epithelial cells). To confirm and extend our studies to other types of lower respiratory tract epithelial cells, SAE cells were pRSV infected, and RNA was extracted and analyzed by oligonucleotide array. The records for the CC and CXC chemokines were retrieved and plotted as a function of time (Fig. 6) . Over the 24-h period examined in this confirmatory assay, highly inducible expression of Exodus-1, MIP-1␣ and -1␤, and RANTES was observed. Levels of MCP-1, MDC, and . Multiprobe RPA of CC chemokines after UV-pRSV exposure. A549 cells were exposed to replication-competent pRSV (36) or to UV-pRSV (UV) as described for Fig. 4C . Total RNA was extracted and analyzed for changes in CC chemokine expression by RPA. Shown is a representative autoradiogram. First and last lanes, input probe for transcript identification.
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RSV-INDUCED CHEMOKINE NETWORKTARC, though detectable, were not appreciably increased by viral infection at these early points (Fig. 6A) . Analysis of the CXC chemokine profile indicated that SAE cells have strongly inducible expression of I-TAC and less strongly inducible expression of GRO-␣, -␤, and -␥ and IL-8. The CX 3 C chemokine Fractalkine was detectable in uninfected cells and was further induced in a linear manner by pRSV infection (Fig. 6B ). Together these data indicate that inducible expression of the CC chemokines Exodus-1, MIP-1␣ and -1␤, and RANTES, the CXC chemokines GRO-␣, -␤, and -␥, IL-8, and I-TAC, and the CX 3 C chemokine Fractalkine is a common feature of pRSV-infected lower airway epithelial cells. Cluster analysis of chemokine gene networks. Inspection of the oligonucleotide array profiles (Fig. 3 and 6 ) suggested highly distinct profiles of mRNA accumulation for various members of the chemokine superfamily. We further analyzed the expression patterns for the chemokine gene networks in the complete A549 data set using various hierarchical clustering methods. The AGNES technique clustered genes with common expression patterns in the most meaningful way (Fig.  7) . By this technique, a dendrogram that assembles all of the chemokines into a single tree is computed. Each gene is grouped with its nearest neighbor, and the mathematical proximity in expression is shown by the degree of dissimilarity (determined by the height of a common line that connects the two nodes). Three general subgroups were suggested by this analysis. The first subgroup includes the CC chemokines TARC, MDC, I-TAC, and MIP-1␣ and -1␤ and the CX 3 C chemokine Fractalkine. Genes in this subgroup were linked by the lowest dissimilarity score, and we noted that they had similar profiles of expression (compare Fig. 4A and B) , with a maximum relative increase at 24 h after pRSV infection. The second and third subgroups were distantly similar. The second subgroup was primarily composed of the CXC chemokines IL-8, GRO-␤ and -␥, and ENA-78 and the CC chemokines MCP-1 and RANTES (probe sets 3 and 5). The third subgroup is composed of Exodus-1 and GRO-␣.
A PCA treatment of the chemokine data was also carried out using the k means method to test if a different technique would reproduce the clusters produced by the hierarchical method described above. The k means method chooses a prespecified number of cluster centers and minimizes the within-class sum of the squares from those centers. This allows each probe set to be assigned to one of the k groups, where group membership is determined by calculating the centroid for each group and then assigning each probe set to the group with the closest centroid. As shown in Fig. 7B , the member composition of the chemokine groups is the same by PCA as by the AGNES method of hierarchical clustering.
FIG. 5. Profile of novel chemokines induced by pRSV. (A)
Northern blot analysis. Total RNA was fractionated by morpholinepropanesulfonic acid (MOPS)-formaldehyde-agarose gel electrophoresis and transferred to nylon membranes. cDNA probes specific for Exodus-1, TARC, MDC, I-TAC, and the internal control thymosin ␤-10 were used to hybridize individual membranes. Shown is an autoradiographic exposure of the washed membranes. These results were repeated in three independent time courses. (B) RT-PCR for Fractalkine. Total mRNA was reverse transcribed and PCR amplified under linear cycling conditions using Fractalkine-specific primers (top) or primers specific for the internal control ␤-thymosin (bottom). The specific product is shown.
DISCUSSION
The airway epithelium forms a cellular barrier between the external environment and the internal milieu and plays an initiating role in pulmonary inflammation after exposure to environmental irritants or infectious agents (reviewed in reference 42). In naturally acquired infections in humans, and in experimental infections of rodents, RSV is a potent inducer of airway inflammation and postinfectious airway hyperreactivity (1, 26; reviewed in reference 28). However, the spectrum of immunomodulatory molecules produced by RSV-infected epithelial cells is presently unresolved. Here we have profiled the kinetics and pattern of chemokine expression in RSV-infected type II (A549) and bronchiolar (SAE) cells by high-density arrays. Oligonucleotide arrays have been used to analyze global gene expression changes in genetic networks activated by signal-transducing molecules (17) , interferon stimulation (14) , and replication of viruses, including cytomegalovirus (68) and influenza virus (23) , in permissive cell lines. In contrast to the observations made for cytomegalovirus-infected human fibroblasts (68) , where the expression of only 258 genes was changed, we have found that pRSV infection caused more than 1,200 genes, representing approximately 10% of the genome, to change expression (either increase or decrease). These data suggest that profound global responses in gene expression occur in the context of this Paramyxovirus infection. Interestingly, the analysis of the effects of influenza virus infection on global gene expression in HeLa epithelial cells did not reveal induction of chemotactic cytokines (23) , and there was no expression of interferon-inducible genes, features distinct from the patterns we observe in RSV-infected epithelial cells (37) . Although more systematic analyses need to be undertaken to identify pathogen-specific genetic signatures, these data suggest that such signatures indeed exist. In addition, although inactivated influenza virus influenced expression of many early genes, RSV induces expression of many chemokine genes in a replication-dependent manner (12, 21, 35) (Fig. 4D) . At present we cannot exclude the possibility that a subset of genes are inducible by virus binding; this question will require additional work. Undoubtedly, much more information about the biology of cellular responses to pRSV infection is contained in this data set. Our purpose, however, was to characterize the pattern of expression in chemotactic cytokines. We note that RSV is a potent inducer of CC, CXC, and CX 3 C chemokine subgroups in lower airway cells, which suggests potential mechanisms for the epithelial cell-initiated immune response and immunopathogenic injury.
Newly identified RSV-inducible CC chemokines. Expression of the CC chemokines MIP-1, MCP-1, and RANTES has been previously described by our group and others (6, 52) . Here we report that RSV-infected A549 cells inducibly express the CC chemokine I-309, a potent chemotactic peptide for monocytes (46) (other salient features of inducible chemokines are shown in Table 2 ). I-309 is the human homolog of murine thymus-derived chemotactic agent (mTCA), based on conservation of coding sequences, gene topology (conservation of intron-exon organization), 70% sequence identity in 5Ј regulatory sequences, and chromosomal mapping to human chromosome 17, a region syntenic with the mTCA locus on mouse chromosome 11 (47) . In a murine model of RSVinduced pulmonary inflammation, we previously reported the expression of mTCA in whole-lung homogenates, however, the cell types producing mTCA were not determined (26) . We suggest that the airway epithelial cell may be one source of mTCA/I-309 expression. The mechanism for pRSV-induced I-309 expression is presently unknown; preliminary sequence analysis of the I-309 promoter has identified an NF-B site 201 nt upstream from the transcription initiation site (47), a feature common to two other well-characterized RSV-inducible genes, the IL-8 (21) and RANTES (12) genes. We speculate that one mechanism for induction of I-309 may be mediation by NF-B; however, this will require direct experimentation. The monocyte-recruiting property of I-309, in conjunction with the mononuclear and T-cell chemotactic properties of MCP-1 and the monocyte and neutrophil chemotactic properties of MIP-1␣ and -1␤ (Fig. 1) (52) , may account for the spectrum of monocytic cells recruited into RSV-infected lungs.
Our study is the first to show highly inducible Exodus-1 expression in A549 and SAE cells. Exodus-1/LARC/MIP-3␣ is a chemokine strongly expressed in epithelial cells overlying mucosal lymphoid organs, including intestinal epithelium covering Peyer's patches (60) and epithelium lining inflamed tonsillar crypts (15) . This chemokine has been mapped to human chromosome 2, a genetic locus distinct from that of the CC chemokine cluster at 17q11-32 (9) , and is only distantly related to the other CC chemokines. The closest structural relative of Exodus-1 is MIP-1␤, with only 28% amino acid identity (31) . Interestingly, in previous studies, constitutive Exodus-1 expression was detected in the lung but in no other normal human tissues (its inducible expression in the lung was not examined [33] ). Exodus-1 is chemotactic for monocytes (33) and immature dendritic cells (15) and stimulates arrest of memory T cells (10) . Dendritic cells are of potential interest in RSV immunopathology because circulating monocytic progenitor cells are recruited from the blood compartment to initially process viral antigen in the pulmonary mucosa. Indeed, in antigen-induced mucosal inflammation, dendritic cells are rapidly recruited into the lung (45) . Although their biology is incompletely understood, in later stages of maturation, dendritic cells are thought to migrate to draining lymph nodes, where they present processed antigen in the context of major histocompatibility complex to naïve CD4 ϩ T cells that generate an antigen-specific T-cell response (15, 67 ; reviewed in reference 59). Interestingly, Exodus-1 competitively binds with ␤-defensins to a common receptor expressed on immature dendritic cells (CCR6 [66] ). The relative roles of Exodus-1 and ␤-defensins in dendritic cell recruitment in RSV-infected lungs have not been determined.
TARC is a CC chemokine that is chemotactic for primed CD4 ϩ T lymphocytes and immature dendritic cells (40) . TARC has been shown to be expressed in human alveolar A549 and BEAS-2B cells, where its protein and mRNA expression can be synergistically induced by IL-4 and tumor necrosis factor alpha administration; this induction is highly sensitive to the inhibitory effects of glucocorticoids (57) . Moreover, TARC has also been implicated in human atopic asthma, where increased levels of TARC protein appear on the apical surfaces of epithelial cells by immunohistochemistry (57) . We show here that TARC can also be inducible by RSV infection in A549 cells and may play a role in the immunopathology of severe infection.
MDC is chemotactic for monocytes, IL-2-activated NK cells (34) , immature dendritic cells, and Th2 lymphocytes (13) . MDC has been reported to play a role in allergic ovalbumininduced pulmonary inflammation in mice, because neutralizing antibodies to MDC block eosinophil recruitment (25) . In addition, MDC protein is detected in normal human bronchial epithelium of patients with atopic asthma (57) . Binding the CCR4 receptor, a receptor also activated by TARC, MDC is a potent chemotactic factor for immature dendritic cells (55) . The relative roles of MDC and TARC in dendritic cell homing in the RSV-infected lung will require further investigation.
Newly identified RSV-inducible CXC chemokines. The CXC chemokine class is functionally subdivided into two groups based on the presence or absence of a signature ELR (GluLeu-Arg) motif upstream of the canonical CXC motif. The ELR-containing group of CXC chemokines includes IL-8, GRO-␣, -␤, and -␥, and ENA-78; these cytokines primarily activate the bactericidal activity and chemotaxis of neutrophils, an abundant cell type found in the bronchoalveolar lavage fluid of intubated RSV-infected children (16) . Additionally, the ELR CXC chemokines can activate other target cells as well. and GRO-␣, -␤, and -␥ activate basophils (22) , which may account for some of the spectrum of cellular infiltration in RSVinfected lungs and the presence of cell-specific degranulation products in nasopharyngeal secretions of patients with naturally acquired RSV infections (20) . We and others have shown that IL-8 is highly inducible by RSV infection in airway cells (21, 43, 51) . Although constitutive expression of GRO-␣, -␤, and -␥ and ENA-78 in airway epithelial cells and alveolar macrophages has been reported(5), we observe that, perhaps not surprisingly, GRO-␣, -␤, and -␥ and ENA-78 are also highly inducible by RSV infection.
We report the expression of the non-ELR CXC chemokine FIG. 7 . Clustering analysis of chemokine expression patterns. (A) Hierarchical clustering, performed by AGNES on data for 19 probe sets belonging to the chemokine group. The "agglomerative coefficient," a figure of merit that measures the amount of clustering structure found, was 0.74, indicating the best cluster relationship of the methods tried. For each gene, the dissimilarity value is plotted. The degree of dissimilarity is indicated by the height of a common line which connects the two nodes. In the array, RANTES was detected by three independent probe sets; the data for RANTES probe set 3 (no. 1403_s_at), and probe set 5 (no. 1405_i_at) correspond to the behavior of the endogenous gene (compare Fig. 3A and 4A ). (B) PCA of the chemokine gene set. Shown is the result of iterative convergence of a k means PCA where three centroids (represented by plus signs) are specified on the chemokine gene set. Dashed ovals each contain the members of a group.
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RSV-INDUCED CHEMOKINE NETWORKI-TAC in RSV-infected A549 and SAE cells. I-TAC induces migration of activated T and NK cells (56) and can be inducibly expressed in the lung after experimental endotoxemia (65) . I-TAC is encoded on human chromosome 4q21.2, in a cluster with two other non-ELR CXC chemokines, IP-10 and monokine induced by gamma interferon (MIG). The mechanisms for I-TAC induction by RSV are presently unknown. Induction of the CX 3 C chemokine Fractalkine. Fractalkine is encoded as a large, membrane-anchored glycoprotein, with the NH 2 -terminal cytokine domain being attached by a mucin repeat-containing stalk to the COOH-terminal transmembrane segment. As a membrane-anchored protein, Fractalkine may function in monocyte and T-cell haptotaxis, where cells migrate to regions of high adhesiveness (58) , or it may be processed and released in a soluble form (4) . Our data suggest that constitutive Fractalkine expression differs between the two cell types: in A549 cells, Fractalkine is expressed at such low levels that it is almost undetectable (except by RT-PCR), whereas in SAE cells, it is abundantly expressed. In both cell types, however, RSV rapidly induces Fractalkine expression; the biological effects of Fractalkine expression on monocyte recruitment in RSV infections and the effect of RSV infection on Fractalkine processing or secretion, if any, will require future investigation.
Members of the chemokine superfamily share common expression patterns. In lower airway epithelial cells, RSV-induced expression of chemokine genes is mediated through a coordinated effect of virus-inducible transactivating proteins, including NF-B, activator protein 1, interferon regulatory factor 1, and NF-IL-6 (12) . For the genes which have been studied in detail, including IL-8 (11) and RANTES (12) , all of these transcription factors are required for fully inducible transcription; they form a multiprotein complex (an "enhanceosome") on their promoters. We have analyzed empirically the inducible members of the chemokine superfamily by hierarchical clustering and PCA and have consistently observed three subgroups whose members are linked by their expression patterns. We note that members of the most highly related subgroup, that including MDC, TARC, I-TAC, MIP-1␣ and -1␤, and Fractalkine, share functional similarities in their abilities to activate lymphocytes (Table 2 ). However, neither of the other two subgroups exhibits a single, clearly defined functional activity, so it would be overinterpretation of the data to imply that the members of a cluster are functionally related. Instead, grouping genes in this manner may only suggest common regulatory mechanisms; in this regard, we note that the IL-8 and RANTES genes cluster in the same subgroup. This relationship is significant because both of these promoters share similar regulatory elements, and their transcriptional activation is enhanceosome dependent (12) . It will be of interest to determine whether virus-inducible expression of other subgroups is transcriptionally mediated, and if so, whether their expression is dependent on enhanceosome formation with similar or distinct trans-acting factors. Identification of differences in genetic control elements that account for the differences in expression will require further investigation.
In summary, we have used high-density oligonucleotide arrays to profile changes in the expression of CC, CXC, and CX 3 C chemokines in lower airway cells. Together these data indicate that inducible expression of the CC chemokines Exodus-1, MIP-1␣ and -1␤, and RANTES, the CXC chemokines GRO-␣, -␤, and -␥, IL-8, and I-TAC, and the CX 3 C chemokine Fractalkine is a common feature of pRSV-infected lower airway epithelial cells. The activities of these factors suggest mechanisms for recruitment of neutrophils, monocytes, eosinophils, NK cells, T lymphocytes, and dendritic cells into RSVinfected airways. Although undoubtedly important for protective immunity, an exuberant immune response may result in pathological manifestations of inflammation such as acute bronchiolitis or postinfectious airway hyperreactivity. We suggest that modification of the expression or activity of these chemokines may have significant effects on the immunopathology of RSV infection.
